FINAL  REPORT 


on 


AtORPHOUS  AND  MBTASTABLE  MATERIALS 
(Report  No.  A-4744,  Task  No.  72) 

by 

Robert  E.  Maringer 


Sponsored  by 


<S: 


DEFENSE  ADVANCED  RESEARCH  PROJECTS  AGENCY 
Tactical  Technology  Office 
(Contract  No.  DAAH01-72-C-0982, 

ARPA  Order  No.  2209) 


CLEARED 

FOR  OPtN  PUBLICATION 

September  1976  OCT  /i?  1976  3 


APPROVED  FOR  PUBLIC  RELEASE 
DISTRIBUTION  UNLIMITED 


DIRECTORATE  FOR  FREEDOM  Of  INFCRMATIOR 
AND  SECUlilTY  REVIEW  (OASO-PA) 
DEPARTMENT  Of  DEFENSE 


BATTELLE 

Columbus  Laboratories 
Tactical  Technology  Center 
505  King  Avenue 
Columbus,  Ohio  43201 


UNCLASS  I KTKD 


REPORT  DOCUMENTATION  PAGE 


1 HL>‘OH  T NUMllI  H 


i.  GOVT  ACCf-SilON  NO 


A-4744 


AMORPHOUS  AND  METASTABLE  MATERIALS 


AU . 

(^i  Robert  Ey4laringer 


Kl  Al)  INS'l  K'|i(  TK'NS 
nKl  OK’K  roMl'l.M  INC.  ( OKM 


HtCH'ltNfS  catalog  NUMOtN 


Final  y 


« PtlRF 

/ 


unit  numbers 


9 Ptft^ORMiNO  organization  name  anO  address 

Battelle’s  Columbus  Laboratories^ 

Tactical  Technology  Center 
505  King  Avenue,  Columbus,  OH  43201 

II  controlling  office  name  and  address  'T  RLeon^/OATE  — - 

Defense  Advanced  Research  Projects  Agency  / / / / Septs*iih«r  10i 

Tactical  Technology  Office  is  NtTSftefr of  pl-ll?' 

1400  Wilson  Boulevard,  Arlington,  VA  22209  38  ( /^/ 

T«  monitoring  AGEnCT  name  4 A0CM£SST<(  dillrrenl  Irom  Conlrolhnt  Ollirt)  uT  SECURITY  CLASS,  (ol  iTTTT’rJp 

DRSMI-RNM 

ti  c Ar-mi.  1 UNCLASSIFIED 


U.  S.  Army  Missile  Command 
Redstone  Arsenal,  Alabama  35809 


IS*.  DECLASSIFICATION  DOWNGRADING 

schedule 


ME  distribution  ST  A T EMEN  T foMhi  s 


Approved  for  public  release.  Distribution  Unlimited 


I 17.  DISTRIBUTION  STATEMENT  (ot  tht  •bsiract  vnteted  in  Block  20.  it  diUtrerU  from  Report) 


10  Supplementary  notes 


1 19  KEY  WORDS  fConnnua  on  reverse  aide  it  necessary  and  identity  by  block  number) 


Amorphous  metals  Powder  metallurgy 

Metastable  metals  Crystalline  metastable  products 

Metastable  materials 

Noncrystalline  solids 

Liquid  quenching 

A ABSTRACT  (Cuntinue  on  reverse  aide  it  nrcessary  and  Idf'nfity  ^v  block  number) 

This  report  summarizes  the  state  of  the  art  of  amorphous  and  metastable 
materials,  and  includes  a brief  review  of  some  of  the  properties  of  these 
materials,  methods  for  producing  them,  possible  directions  for  exploitation, 
identification  of  "roadblocks"  to  R&D,  and  recommendations  for  DoD  action. 

^7  OS 

(Cntuiniicdl  ^ 

D ij*n“m  1473  roiTioNOF  1 NOVAS  IS  OOSOUETE  UNCLASSIFIED 

security  Classification  of  this  page  iiiNm  Ii.h*  eah- 


DD  1473  fOlTlON  OF  1 NOV  AS  IS  OOSOUETE 


-g 


I 

I 

I 

I 

I 

I FOREWORD 


The  research  and  analysis  reflected  in  this  report  was  funded  through 
the  Tactical  Technology  Center  of  Battelle's  Columbus  Laboratories.  The  project 
was  supported  by  the  Defense  Advanced  Research  Projects  Agency  (ARPA)  of  the 
Department  of  Defense  and  was  monitored  by  the  U.  S.  Army  Missile  Command, 
Redstone  Arsenal,  Alabama,  under  Contract  No.  DAAH01-72-C-0982.  Dr.  Edward  C. 
Van  Reuth  of  AFd>A's  Materials  Sciences  Office  was  the  technical  monitor  for 
this  effort. 


^ 

DISCLAIMER 


The  views  and  conclusions  contained  in  this  repovt  are  those  of  the 
author  and  should  not  necessarily  be  interpreted  as  representing  the  official 
policies y either  expressed  or  implied,  of  the  Defense  Advanced  Research  Projects 
Agency  or  the  U.  S.  Government. 
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AMORPHCXIS  AND  METASTABLE  MATERIAI^ 

1 by 

I Robert  E.  Maringer 

) INTRODUCTION 

^ The  purpose  of  this  report  is  to  discuss  the  relatively  new  and  rapidly 

] expanding  field  of  amorphous  metals,  with  special  emphasis  on  the  potential  appli- 

' cability  of  these  new  materials  to  DoD  needs.  It  is  apparent,  on  examining  this 

. field,  that  the  same  methods  used  to  produce  amorphous  metals  will  also  produce 

crystalline  materials  of  very  unusual  crystal  structures  or  with  very  unusual 
mechanical,  chemical,  or  physical  properties.  Therefore,  the  discussion  will 
include  this  surrounding  technology,  under  the  general  term  "metastable  materials". 

In  the  preparation  of  this  report  I have  sought  to  use  my  own  back- 
ground, to  read  and  absorb  as  much  as  possible  from  the  numerous  review  articles, 
to  search  the  newer  literature  (mostly  1972  to  the  present) , and  to  contact  per- 
sonally many  of  the  most  active  workers  in  the  field.  The  personal  contacts  were 
used  to  try  to  get  a general  impression  from  those  interviewed  about  the  future 
of  the  field,  any  factors  which  might  be  inhibiting  the  growth  of  the  field,  and 
what  (if  anything)  the  DoD  might  do  to  assist  in  exploiting  the  field. 

The  names  and  affiliations  of  researchers  contacted  are  given  in 
Appendix  A.  Their  comments  and  thoughts  are  integrated  with  my  own  in  the  follow- 
ing discussion.  For  the  most  part  , no  individual  credits  are  given.  This  is 
partly  because  many  of  the  ideas  discussed  were  expressed  by  each  of  several  in- 
dividuals, and  partly  because  such  detailed  referencing  would  interfere  with 
what  I hope  to  be  a short,  readable  report. 

The  enthusiasm  expressed  herein  for  the  almost  unprecedented  potential 

inherent  in  the  field  of  metastable  materials  reflects  not  only  my  own  feelings, 

but,  I believe,  those  of  most  or  all  of  those  actively  engaged  in  research  on 

t* is  new  frontier  of  materials  science.  This  is  easily  documented  in  the  litera- 

(1)  * 

ture.  Cotterill  , of  the  Technical  University  of  Denmark,  refers  to  metallic 

(2) 

glasses  as  "a  new  class  of  materials".  Cahn  of  the  University  of  Sussex  says 
"a  complete  new  metallurgy  has  been  created".  In  the  announcement  of  a forthcoming 


♦References  are  given  at  the  end  of  the  report. 
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meeting  on  noncrystalline  solids  (Materials  Research  Society,  Cambridge,  Massa- 
chusetts, November  15-17,  1976)  it  was  stated:  "Major  new  advances  in  technique 

have  made  a whole  now  universe  of  materials--the  noncrystalline  phase — available". 
Those  are  not  exaggerations.  These  are  the  considered  opinions  of  highly  qualified 
scientists  based  on  some  of  the  remar)cable  experimental  results  which  have  emerged 
from  research  laboratories  throughout  the  world  in  less  than  two  decades. 


BACKGROUND 


The  whole  field  of  what  we  will  call  "metastable  materials"  was  spawned 
by  Duwez  and  his  students  at  the  California  Institute  of  Technology  and  by  Salli 
and  his  co-workers  in  the  U.S.S.R.  in  the  late  1950's.  Duwez  published  the  first 
description  of  an  amorphous  metal  in  1960 and  has  since  been  correctly  identi- 
fied as  the  "father"  of  the  field.  The  first  "metallic  glass",  a gold-silicon 
alloy,  was  produced  from  the  melt  by  very  rapid  quenching  (a^IO^  C per  second). 

In  the  amorphous  state,  metals  take  on  entirely  new  characteristics. 
Their  mechanical,  physical,  and  chemical  properties  all  seem  to  change  relative 
to  their  crystalline  counterparts.  However,  this  is  only  one  of  four  distinct 
effects  that  rapid  quenching  can  have.  These  are: 

(1)  Supersaturation.  Primary  solid  solutions  can  be  extended 
to  higher  solute  contents.  This  introduces  totally  dif- 
ferent capabilities  for  the  production  of  unusual  solid- 
solution  hardening,  or  for  the  production  of  new  age- 
hardenable  alloys,  or  for  the  production  of  very  homo- 
geneous structures.  It  also  suggests  the  possibility 

of  exerting  a significant  degree  of  control  over  electron/ 
atom  ratios  and  over  lattice  parameters. 

(2)  Formation  of  intermediate  compounds  and  crystal  structures. 

These  introduce  the  capability  for  the  production  of  new 
and  different  alloys. 

(3)  Grain-size  control.  Rapid  quenching,  in  particular,  gener- 
ally produces  a fine  grain  size  which  becomes  still  finer 
as  the  quench  rate  increases.  As  grain  sizes  decrease 
below,  perhaps,  5 microns,  various  mechanical  properties 
become  strongly  affected.  These  controllable  grain  sizes 
open  up  whole  new  approaches  to  powder  metallurgy  and  to 
the  exploitation  of  superplasticity. 
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(4)  Amoi'phousnesG.  In  this  state  the  crystal  formation  is 
totally  supi^ressed  (no  lony-range  order)  and  a new 
class  of  materials  is  formed. 

One  or  more  of  the  above  effects  may  be  observed  in  materials  as  the 

4 

quench  rate  from  the  liquid  state  increases  beyond  10  C per  second  or  so.  However, 
liquid  quenching  is  only  one  of  a number  of  methods  capable  of  producing  such 
effects.  In  general,  when  atoms  or  molecules  are  assembled  into  the  solid  state 
from  some  precursor  state  (vapor,  liquid,  solid,  or  from  solution  or  suspension) 
at  an  appropriate  rate  and  temperature,  the  mobility  of  the  individual  particles 
can  be  sufficiently  decreased  to  suppress  the  formation  of  equilibrium  structures. 
These,  then,  are  the  "metastable  materials"  under  discussion.  In  addition  to 
rapid  quenching  from  the  liquid  state,  a variety  of  other  methods  may  be  appro- 
priate. These  include: 

• Vapor  deposition 

• Sputtering 

• Plasma  spraying 

• Electrolytic  deposition 

• Electroless  deposition 

• Ion  implantation 

• Neutron  irradiation 

• Shock 

Research  in  this  country  and  abroad  has  concentrated  heavily  on  quenching 
from  the  liquid  state  as  a means  of  producing  metastable  materials.  There  are 
probably  several  reasons  for  this — novelty  being  one.  A big  attraction  of  the 
rapid  quenching  is  the  speed  and  efficiency  of  many  of  the  quenching  methods. 

For  those  who  envision  commercial  markets,  speed  and  efficiency  are  vital.  It 
is  pertinent,  therefore,  to  discuss  liquid  quenching  in  more  detail  so  that  the 
reader  can  gain  some  feel  for  the  capabilities  and  limitations  of  the  method. 
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burst  of  gas  to  propel  a small  droplet  of  molten  metal  onto  a chilled  (usually 

moving)  substrate  (usually  copper).  This  resulted  in  a small  splat  of  solid 

5 

metal  which  was  quenched  at  rates  in  excess  of  10  C per  second.  This  also 
resulted  in  the  generally  accepted  terms  of  "splat  cooling"  or  "splat  quenching". 
The  splats  or  foils  produced  are  somewhat  irregular  in  size,  shape,  and  thicl^ness. 
The  thinner  sections  generally  represent  the  more  rapidly  quenched  portions  of 
the  foil.  Such  foils  are  easily  studied  by  X-ray  and  electron  microscope  tech- 
niques and  are  often  large  enough  to  prepare  specimens  suitable  to  mechanical 
or  electrical  property  testing.  As  a result,  laboratories  throughout  the  world 
have  picjted  up  the  generalized  method  and  added  their  own  changes.  These  variants 
involve  the  way  the  metal  charge  is  melted,  the  way  the  molten  droplet  is  supplied 

to  the  substrate,  and  the  way  the  substrate  is  designed  to  receive  the  droplet. 

(4) 

One  example  of  such  a variant  is  the  device  developed  by  Davies  and  Hull  as 

shown  in  Figure  1.  This  device  causes  a gas-propelled  droplet  of  molten  metal 

to  impact  upon  a "s)ci  slope"  shaped  cooled  substrate.  This  produces  an  elongated 

splat  of  about  10  x 20  mm,  with  an  average  thic):ness  of  less  than  20  fim.  The 

authors  estimate  that  they  achieve  cooling  rates  of  up  to  10^*^  C per  second. 

While  the  methods  for  producing  these  splat-cooled  foils  are  very 

important  and  useful  from  a research  point  of  view,  they  are  very  limited  from 

a production  point  of  view.  Industrial  interest  in  metastable  materials  centers 

more  on  filament,  ribbon,  or  sheet  forms.  (Powders  will  be  discussed  later.) 

Fortunately,  some  alternative  methods  are  available  which  appear  to  have  the 

appropriate  qualities  to  permit  both  rapid  quenching  and  high  productivity,  and 

to  provide  continuous  products  as  well. 

The  oldest  of  these  is  called  "melt  spinning".  In  its  simplest  form, 

free-flight  melt  spinning,  a stable  jet  is  created  by  forcing  molten  metal  througli 

a small  orifice  under  pressure  (see  Figure  2) . The  liquid  jet  is  then  caused 

to  solidify  in  flight,  sometimes  through  the  use  of  gaseous  aerosol  or  liquid 

quenching  media  to  enhance  the  cooling  rates.  Free-flight  melt  spinning  produces 

continuous  round  wire.  The  method  was  first  developed  before  the  turn  of  the 

century was  subsequently  developed  by  Pond^^^,  and  later  improved  upon  by 

researchers  at  the  Allied  Chemical  Corporation ^ . Both  Monsanto  Corporation ^ 

(9) 

in  the  U.  S.  and  Michelin  in  France  have  had  extensive  programs  (thus  far 


unsuccessful)  to  utilize  this  method  for  the  production  of  tire  cord.  Quench 


FIGURE  1.  DIAGRAM  OF  APPARATUS  FOR  SPLAT-QUEUCHING 
IN  SEALED  INERT  ATMOSPHERE 

Key  to  parts:  A,  high-pressure  gas  inlet; 

B,  high-pressure  chamber;  C,  shock  tube; 

D,  Mylar  diaphragm;  E,  molten  sample;  F, 
"ski  slope"  surface;  G,  cooling  coil;  H, 
graphite  crucible;  I,  r.f.  heating  coil; 

J,  alumina  lining  for  sample  chamber  and 
orifice;  K,  clamp  L,  Pt-Pt-Rh  thermocouple; 

M,  alumina  lining  for  thermocouple  well; 

N,  steel  chamber;  P,  cooling  for  quenching 
surface  - water  or  liquid  nitrogen;  R, 
pressure-release  valve;  S,  port  for  diffu- 
sion pump  and  inert  gas  supply. 

(From  Davies  and  Hull(^)] 


FIGURE  2.  SCHEMATIC  DRAWING  OF  THE  FREE-FLIGHT 
MELT-SPINNING  PROCESS 

[From  Pond , et  al . 
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rates  are  limited  in  frec-fliyht  molt  spinning  because  of  the  relatively  low 
heat-transfer  rates  which  are  readily  achievable.  However,  a simple  vari '»nt 
of  the  process  avoids  this  difficulty. 

In  chill-block  molt  spinning,  the  metal  jet,  created  as  above, 
impinges  on  a chilled,  rapidly  moving  surface  (see  Figure  3) . The  liquid 
jet  flattens  into  a ribbon  shape,  solidifies,  then  spontaneously  releases  as  a 
continuous  ribbon  product.  The  direct  contact  of  the  molten  metal  with  the 
cooled  substrate  greatly  enhances  the  quench  rate.  Again,  this  method  was 
developed  by  Pond^^^  and  improved  by  workers  at  Allied  Chemical  Corporation  * 


and  elsewhere 


The  method  is  so  simple  and  effective  that  it  has  been 


adopted  by  laboratories  around  the  world  to  produce  metastable  materials  for 
further  study.  Ribbons  produced  by  chill-block  melt  spinning  will  normally 
have  thicknesses  of  from  less  than  10  to  several  hundred  microns  and  widths  of 
from  less  than  one  to  several  millimeters.  Quench  rates  can  exceed  10^  C per 
second.  Quenching  on  the  i.iside  surface  of  a rotating  cylinder  enhances  the 
quench  rate  by  utilizing  centrifugal  force  to  maintain  contact  between  the 

casting  and  the  substrate  for  longer  times. 

(12) 

Chen  and  Killer  developed  a system  which  involves  introducing 
a droplet  of  metal  into  the  bite  of  two  contra  rotating  rollers  (see  Figure  4) . 
This  produces  a foil  quenched  from  both  sides,  but  with  the  time  of  contact 
between  the  sample  and  the  chilled  substrate  being  very  limited.  Babic,  et 
al.^^^^,  in  Yugoslavia,  at  about  the  same  time,  combined  the  technique  of 
melt  spinning  with  that  of  the  double  roller  and  synchronized  the  flow  of 
liquid  metal  into  the  bite  with  the  speed  of  the  rollers.  They  claimed  that 

this  has  the  potential  to  produce  continuous  ribbon  or  strip. 

(14) 

The  melt-extraction  process  developed  at  Battelle  involves 

bringing  the  edge  of  a spinning  disk  into  contact  with  a source  of  molten  metal. 
The  source  can  be  contained  in  a crucible  (Figure  5)  or  as  a pendant  drop 
(Figure  6) . The  molten  metal  solidifies  on  the  disk  edge,  and  is  subsequently 
thrown  off  as  a filament  or  as  a staple  fiber. 

These  latter  three  methods  have  great  potential  for  a scale-up,  and 
indeed,  melt  spinning  and  melt  extraction  are  already  in  limited  commercial 
production.  Each  of  the  methods  has  its  virtues  and  its  faults.  They  are 
deceptively  simple.  The  melt-spinning  methods  (and  probably  the  twin-roller 
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method  as  well)  require  a crucible  and  an  orifice.  Materials  compatibility 
problems  can  be  very  serious  when  it  comes  to  long-term  operations  or  the 
spinning  of  high-melting-point  or  reactive  materials  sucii  as  B or  Ti . However, 
the  control  of  the  liquid  flow  relative  to  the  quenchant  or  to  the  substrate 
enables  one  to  exert  excellent  control  on  product  dimensions.  The  impact  of 
the  jet  onto  a substrate  assures  good  thermal  contact  and  increases  the  quench 
rate,  especially  if  the  casting  is  done  on  the  inside  surface  of  a rotating 
drum.  Melt  extraction,  on  the  other  hand,  has  no  orifice  (and  in  one  modifi- 
cation, no  crucible)  which  greatly  minimizes  materials  compatibility  problems. 
However,  quench  rates  are  somewhat  lower  than  those  of  melt  spinning  unless 
unusual  methods  are  used  to  enhance  the  quench  rates.  Twin- roll  techniques 
quench  from  both  sides  of  the  ribbon  at  once,  but  demand  great  precision  in 
roll  performance  and  are  limited  by  the  very  geometry  of  the  system  to  a very 
short  (but  very  effective)  time  of  thermal  contact  between  the  casting  and  its 
substrate . 

Still  another  method  for  rapid  quenching  involves  rapidly  heating  a 
very  thin  surface  layer  of  an  alloy  by  an  external  heat  source,  then  allowing 
the  layer  to  freeze  rapidly.  Usually  the  heat  source  is  a laser  beam.  Recent 

(15) 

work  by  Kear  and  Breinan  shows  that  this  is  an  industrially  promising 
technique  which  could  "glaze"  specific  parts  with  an  amorphous  layer  to  tal^e 
advantage  of  some  of  the  unique  properties  of  amorphous  materials  while  still 
maintaining  a more-or-less  conventional  chemistry  in  the  remaining  bul)<  of 
the  part. 

The  techniques  described  above  will  produce  a wide  variety  of 
material — powder,  ribbon,  wire,  staple  fiber — all  of  rather  limited  dimensions 
(other  than  length) . The  thic)tness  is  limited  to  probably  less  than  a few 
hundred  microns  by  heat-transfer  considerations.  The  freshly  cast  material 
itself  limits  the  heat  flow  so  that  rapid  quenching  is  not  readily  achieved  on 
thiclter  samples.  Ribbon  widths  are  currently  limited  to  a few  millimeters.  A 
real  need  exists  for  wider  strip  or  sheet but  the  manufacture  of  this  by 
direct  casting  is  not  yet  in  the  state  of  the  art.  In  view  of  the  rapid  pro- 
gress in  techniques  made  over  the  last  decade,  however,  it  does  not  appear  to 
the  writer  that  this  is  an  intractable  problem.  I have  heard  privately,  in 
fact,  that  Allied  Chemical  Company  is  now  capable  of  casting  4-inch-wide  strips 
of  amorphous  material. 
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In  most  of  tlie  rapid-quonching  processes  which  appear  capable  of 
continuous  production,  (i.o.,  melt  spinning,  melt  extraction,  double-roller 
casting)  the  quenching  process  ta):es  place  in  two  stages.  Primary  quenching 
occurs  when  tlio  casting  is  in  tliermal  contact  with  the  substrate.  Due  to 
shrinkage  and  otlier  forces,  the  casting  breaks  the  bond  between  itself  and 
the  substrate.  Subsequent  cooling  can  be  referred  to  as  secondary  quenching. 

In  general,  primary  quenching  attains  the  highest  rates.  However, 
the  forces  that  tend  to  break  the  good  thermal  contact  between  the  casting  and 
the  substrate  are  such  that,  unless  artificially  enhanced,  the  contact  is 
disrupted  in  very  short  times,  usually  milliseconds  or  less.  Various  approaches 
to  maintain  this  contact,  and  thus  to  enhance  primary  quenching,  have  been 
advanced  (e.g.,  rougher  surfaces  to  increase  contact  area  and  bond  strength, 
gas  pressure  or  mechanical  rollers  tc  counter  the  release  forces,  spinning 
on  the  inside  of  a drum  to  enlist  centrifugal  force  to  maintain  contact) . 

Other  approaches  have  been  used  to  enhance  the  secondary  quench  rates  (e.g., 
directing  product  immediately  into  a gaseous  or  liquid  medium,  going  directly 
into  a secondary  pinch  roller  system) . 

Both  primary  and  secondary  quenching  are  important  in  the  manufacture 
of  all  forms  of  metastable  materials,  since  grain  growth  or  crystallization  can 
occur  rapidly  enough  during  secondary  quenching  to  completely  destroy  any 
structures  produced  during  primary  quenching.  There  are  hints  in  the  literature 
that  methods  exist  to  enhance  both  primary  and  secondary  quenching,  but  there 
is  little  evidence  to  suggest  that  these  are  being  pursued. 

For  example,  Schile uses  electrostatics  to  cause  particles  of 
coolant  to  be  directed  at  a liquid  jet  as  created  by  free-flight  melt  spinning. 
The  particles  may,  in  fact,  be  such  that  they  form  an  alloy  surface  on  the 
filament  while  at  the  same  time  enhancing  the  q>'.enching  rate.  This  same  general 

procedure  could  be  used  to  enhance  secondary  quenching  for  chill-block  melt 

(19) 

spinning,  melt  extraction,  or  the  double-roll  technique.  Ditto  reports  that 
the  use  of  a magnetic  field  enhances  the  rate  of  cooling  of  free-flight  melt- 
spun  filament,  but  the  mechanism  is  not  known.  Unpublished  research  from  the 


Mead  Corporation 


(20) 


shows  that  an  electrostatic  field  appears  to  significantly 


enhance  the  solidification  rate  of  a jet  of  molten  cast  iron.  A Japanese 
(21) 

report  documents  an  increase  in  the  rate  of  heat  transfer  upon  the  imposition 
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of  an  electrostatic  field.  Soviet  reports  indicate  an  increase  in  the  range 

(22) 

of  supercooling  as  a result  of  an  imposed  electrostatic  field  as  well  as  an 

(23  24) 

influence  of  such  a field  on  the  crystallization  of  vapor-deposited  films  ’ 

(25) 

Richardson  reports  a direct  effect  of  a field  on  liquid-metal  surface  tension. 
It  is  clear,  I thinlc,  from  the  above,  that  the  methods  of  rapid  quenching  to 
achieve  the  metastable  state  are  still  in  an  evolutionary  stage.  Much  remains 
to  be  done,  both  in  developing  and  xinderstanding  of  the  fundamental  process  of 
solidification  at  these  high  quench  rates  and  in  developing  the  manufacturing 
technology  which  will  permit  the  efficient  production  of  these  materials  on 
an  industrial  scale  if  the  anticipated  marlcets  develop. 


Alternative  Methods 


Most  of  the  alternative  methods  for  the  production  of  amorphous  or 
other  metastable  materials,  and  these  include  the  aforementioned  vapor  deposi- 
tion, sputtering,  plasma  spraying,  electrodeposition,  electroless  deposition, 
etc.,  are  particularly  applicable  to  the  formation  of  a thin  film  on  a suitable 
substrate.  In  some  cases,  the  thic)^ness  can  be  built  appreciably,  thus  allowing 

the  preparation  of  more  massive  materials.  A particularly  exciting  development 
(26) 

by  Giessen,  et  al.  , is  the  production  of  amorphous  Cu-40Zn  over  0.7  mm  thiclt 
by  a plasma-arc-spraying  technique.  In  general,  however,  these  methods  are 

slow,  and  the  products  have  a somewhat  different  character  from  those  produced 

V.  V,  (27) 

by  quenching 

There  is  at  least  one  technique,  the  so-called  Schladitz  process'  , 
which  produces  fibers  as  small  as  0.1  ym  in  diameter  (and  up  to  several  milli- 
meters in  length)  jy  vapor  deposition  from  iron  or  nic)<el  carbonyls  under  the 

influence  of  a magnetic  field.  Research  on  this  unique  process  is  underway 

(29) 

at  the  University  of  Virginia.  Wawner  reports  grain  sizes  as  small  as  50 

O 

to  200  A.  It  is  not  yet  clear  how  much  of  an  overlap  exists  in  the  comparative 
advantages  (or  disadvantages)  of  deposition  techniques  relative  to  quenching 
techniques.  This  is  an  area  toward  which  more  attention  should  be  directed. 

It  has  been  reported  that  Pd-Si  alloys  can  be  rendered  amorphous 


through  neutron  irradiation  ^ 

ness^  ^ . Both  of  these  tectiniques  have  severe  limitations,  but  should  be 


and  that  ion  implantation  induces  amorphous- 


further  explored  to  evaluate  their  potential  usefulness.  Amorphous  materials 
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produced  by  shock  have  been  reported  in  meteorites 
method  with  unknown  potential. 


Here  again  is  a 


Powder  Metallurc 


It  has  recently  become  apparent  that  the  behavior  of  powdered 

metals  in  subsequent  processing  depends  to  a large  extent  upon  the  way  the 

powders  were  prepared.  In  particular,  very  fine  particles  can  be  sintered 

into  dense  solids  at  much  lower  temperatures.  Further,  fine  grain  sizes,  even 

though  the  particles  themselves  are  relatively  large,  also  affect  subsequent 

processing  and  subsequent  properties.  The  methods  used  to  prepare  such  powders 

are,  in  fact,  directly  related  to  those  described  above  to  produce  metastable 

(34) 

materials.  Most  of  these  are,  again,  high-quench-rate  techniques.  German 
(35) 

and  English  workers  are  using  a spinning-cup  technique  to  throw  molten 

( 36 ) 

metal  droplets  against  cooled  si±istrates.  Researchers  at  Pratt  & Whitney 

are  using  a similar  technique  but  cooling  the  droplets  in  a blast  of  gas. 

( 37) 

Swedish  workers  are  using  an  ultrasonic  shock  wave  to  break  up  a stream  of 

( 38) 

liquid  metal  into  very  fine  particles  (which  cool  faster).  Soviet  scientists' 

O 

are  creating  ultrafine  (20  to  50  A)  powders  by  the  reduction  of  suitable  oxides 

(39) 

in  a plasma  field.  Other  Soviet  work  shows  that,  if  the  particles  become 
small  enough,  they  become  amorphous.  The  techniques  to  make  amorphous  or 
microcrystalline  flake  now  exist  in  the  laboratory . 

Much  of  the  work  on  powder  products  is  already  in  the  prototype 
manufacturing  technology  stage.  Once  again,  much  remains  to  be  done,  but  the 
potential  applicability  of  these  new  materials  and  materials  technologies  is 
awesome,  and  very  close  at  hand. 


Amorphous  Compositions 


By  now  some  hundreds,  perhaps  thousands  of  different  alloys  have 

been  rapidly  quenched  into  the  amorphous  state.  Their  diversity  is  indicated 

(and  somewhat  organized)  in  a patent  recently  issued  to  the  Allied  Chemical 
(41) 

Corporation  . They  claim  amorphous  or  partly  amorphous  alloys  can  be  made 
from  an  alloy  of  the  formula 


M 


I 

I 
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M Y.  Z 
a b c 


where 


M is  Fe,  Ni,  Cr,  Co,  and/or  V 
Y is  P,  C,  and/or  B 

Z is  Al,  Si,  Sn,  Sb,  Ge,  7n,  and/or  Be 
a = 60  to  90  atomic  percent 
b = 10  to  30  atomic  percent 
c = 0.1  to  15  atomic  percent. 


The  number  of  permutations  of  those  alloys  is  enormous,  yet  those 
do  not  nearly  exhaust  the  possibilities.  A more  general  picture  of  the  binary 


systems  from  which  amorphous  metals  might  be  formed  by  liquid  quenching  has 

(42) 


been  discussed  by  Collings,  et  al. 


These  include: 


(1) 


Rare-earth  metals  alloyed  with  late-transition  metals 
(Group  VIII  of  the  periodic  table) , e.g. , Gd-Co 


(2) 


Early-transition  metals  (Group  III  through  IV)  alloyed 
with  late-transition  metals,  e.g.,  Zr-Co 


(3) 


Late  transition  metals  alloyed  with  metalloids,  e.g. , 
Co-P 


(4) 

(5) 


Metalloids  alloyed  with  noble  metals,  e.g.,  Au-Si 


Noble  metals  alloyed  with  early-transition  metals, 
e.g. , Cu-Zr. 


There  is,  therefore,  no  shortage  of  potential  amorphous  alloys.  At 
this  time,  only  a small  fraction  of  these  alloys  have  been  produced,  and  sig- 
nificant property  information  is  available  on  fewer  still.  There  appear  to  be 
virtually  no  limitations  at  all  on  candidate  materials  for  the  crystalline 


metastable  technology.  Even  materials  which  are  already  glassy  show  differences 
when  prepared  by  rapid 
different  classes  of  glasses. 


(43)  (44) 

when  prepared  by  rapid  quenching  to  the  extent  that  Roy  proposes 


J 
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Properties  of  Metastablc  Materials 


The  properties  of  metastable  materials  depend  upon  which  of  the 
effects  cited  earlier  (supersaturation,  novel  crystal  structures  or  compounds, 
grain  size,  and  amorphousness)  are  brought  into  play  by  the  combination  of 
alloy  composition  and  processing.  The  spectrum  of  property  changes  are  so 
vast  that  it  is  difficult  to  do  justice  to  them  in  a short  report.  It  may 
serve  the  purpose  to  simply  cover  in  the  barest  detail  some  of  what  I consider 
to  bo  the  most  exciting  and  potentially  the  most  useful  observations  reported. 

The  observations  on  crystalline  metastablc  materials  are  considered  first. 

(45) 

Beghi,  et  al.  , in  Italy  reported  600  percent  elongation  in  a 
splat-cooled  foil  of  Al-17  w/o  Cu  alloy.  This  affirms  the  supposition  that 
the  fine  grain  size  produced  by  splat  cooling  can  result  in  superplastic 


behavior. 


Toda  and  Maddin  reported  a sixfold  increase  in  the  yield  strength 


of  a rapidly  solidified  Al-5  w/o  Au  alloy. 

(47) 

Varich,  et  al.  , in  the  U.S.S.R.  reported  that  the  hardness  of 
an  Al-Zr  alloy  increased  with  the  temperature  from  which  the  alloy  was  liquid 
quenched. 

Ramachandrarao  and  Anantharaman in  India  reported  that  different 
metastable  crystal  structures  were  produced  from  the  same  alloy,  depending  upon 
the  temperature  from  which  the  alloy  was  liquid  quenched. 

(49) 

Lebo  and  Grant  observed  increases  in  the  yield  strength  and  the 

tensile  strength,  as  well  as  a sevenfold  increase  in  the  fatigue  strength  of 

2024  aluminum  made  from  splat-cooled  powder. 

Durand,  et  al.^^*^\  observed  intense  and  rapid  age  hardening  at  20 

C in  7075  aluminum  alloys  prepared  from  splat-cooled  powder. 

(34) 

Faninger  in  Germany  reported  improved  corrosion  resistance  in 

Al-Fe  alloys  prepared  from  splat-cooled  powder. 

Kaufmann^^^  reported  dispersion-hardened  Ni-,  Zr-,  and  U-based 

alloys  by  precipitating  highly  insoluble  metals  from  the  splat-cooled  alloys. 

(54) 

Luo,  et  al.  , reported  th-‘_  splat-cooled  AuGe  is  superconducting, 
but  elemental  Au  and  Ge  are  not. 

Wang,  et  al.^^^^,  reported  ttiat  polyethylene  sheet  was  made  tougtier 
by  rapid  quenching. 
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Any  number  of  other  observations  could  be  added  to  this  list,  but 

it  is  preferable  to  go  on  to  present  similar  citations  of  observations  made 

on  amorphous  metals. 

(56) 

Tsuei  reported  that  a splat-cooled  Te__Cu_^Au^  metallic  glass 

/O  25  5 

is  semiconducting.  He  also  showed  that  the  thermoelectric  power  of  this 
metallic  glass  was  about  50  times  t)iat  of  the  same  alloy  in  the  crystalline 


state . 


Willens,  et  al. 


, demonstrated  an  inductance  thermometer  of 


metallic  glass  witli  a temperature  resolution  greater  than  1 mdeg. 

( 58 ) 

Goldstein  has  used  metallic  glasses  as  microprobe  standards 
because  of  their  superior  chemical  homogeneity. 


Tsuei  and  Duwez 


have  reported  a resistance  thermometer  of 


amorphous  very  sensitive  to  low  temperatures, 

but  the  resistivity  is  unaffected  by  relatively  heavy  doses  of  neutron 


irradiation.  Of  equal  interest,  Lesueur 


reports  that  Pd-Si  alloys  can  be 


made  amorphous  from  the  crystalline  state  by  radiation. 


Krishnanand  and  Cahn 


have  observed  that  metallic  glasses  can  be 


rolled  to  30  percent  reduction,  recovered  by  annealing,  and  rerolled. 

Diegle  and  Slater have  reported  that  there  are  significant 

electrochemical  differences  between  metallic  glasses  and  their  compositional 

equivalent  in  crystalline  form. 

( 62 ) 

Masumoto  and  Maddin  observed  that  metallic  glasses  have  high 


toughness  as  well  as  high  strength.  Gilman 
metallic  glasses  to  exceed  375  ksi. 


expects  tensile  strengths  of 


Kikuchi,  ct  al.  , in  Japan  reported  Fe-Co  based  metallic  glasses 
to  have  exceptionally  low  magnetic  coercivity,  and  attributed  this  to  near 
zero  magnetostriction  and  the  isotropic  nature  of  the  amorphous  material. 


Dutoit  and  Chen 


observed  unusually  low  acoustic  attenuation 


in  metallic  glasses. 


Kear  and  Breinan  have  produced  amorphous  skins  on  suitable 
alloys  bo  melting  a thin  surface  layer  using  a laser,  and  permitting  the  layer 
to  freeze  rapidly. 

Galasso,  et  al.  prepared  amorphous  boron  alloys  by  splat- 

cooling techniques. 
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( G V ) 

Spear,  ot  al.  , in  England  report  the  first  successful  p-n 
junction  formed  in  amorphous  silicon  produced  by  the  glow-discharge  decom- 
position of  silane  mixed  with  trace  amounts  of  donor  or  acceptor  impurities. 

( 68 ) 

Holmes-Siedle  , commenting  on  the  development  states  that  "a  new  device 
technology  may  be  in  the  making"  which  could  lead  to  integrated  circuits 
"as  large  as  the  page  on  which  this  is  written". 

These  and  other  properties  have  been  reported  which  reinforce  the 
excitement  of  those  actively  engaged  in  research  and  development  in  the  field. 

In  effect,  the  materials  scientist  has  been  given  fne  tools  to  add  a whole 
new  dimension  to  his  studies.  He  can  now  control  composition  and  structure  to 
an  extent  never  before  possible. 

There  are  some  limitations,  of  course,  and  these  must  be  borne  in 
mind  at  all  times.  Amorphous  metals  exist  in  the  glassy  state  only  at  rela- 
tively low  temperatures.  They  will,  on  exposure  to  higher  temperatures 
(several  hundred  degrees  C,  more  or  less,  depending  upon  the  alloy)  crystallize 
and  lose  many  or  all  of  their  attractive  properties.  Thus,  metallic  glasses 
are  not  and  probably  never  will  be  candidates  for  high- temperature  service. 
Moreover,  metallic  glasses  usually  have  elastic  modulus  values  30  percent  or 
so  less  than  their  crystalline  counterparts,  and  they  are  usually  less  dense 
as  well.  These  characteristics  of  metallic  glasses  will  inhibit  their  use  in 
some  applications,  but  the  limitations  seem  a small  price  to  pay  for  the  almost 
unbelievable  freedom  to  control  other  properties. 

The  crystalline  metastable  materials  may  have  some  temperature 
limitations  as  well.  As  the  very  name  "metastable"  implies,  these  alloys  will 
tend  to  revert  to  more  equilibrium  structures  as  the  temperature  rises.  How- 
ever, this  very  reversion  is  the  source  of  much  of  the  interest  in  these  alloys, 
since  it  opens  up  great  possibilities  in  precipitation  hardening,  with  added 
control  of  both  particle  composition  and  spacing.  In  fact,  such  control  is 
reported  by  Grant  to  permit  even  higher  temperature  usage  for  certain  alloys. 

As  with  any  new  materials,  the  metastable  materials  have  strengths 
and  weaknesses  which  will  make  them  exceptionally  suitable  in  some  applications, 
and  worthless  in  others.  The  suitable  applications  are  so  broad  and  potentially 
revolutionary  that  no  apology  need  be  made  for  the  limitations  which  exist. 


w 
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POSSIBI.t;  DIRECTIONS  FOR  EXPLOITATION 


Because  the  whole  field  of  metastable,  materials  is  still  in  the 
frontier  stage,  speculation  about  its  future  development  and  applications  is 
hazardous.  It  is  a bit  like  trying  to  predict  the  ten  dollar  pocket  calculator 
knowing  only  that  semiconducting  behavior  has  been  observed.  The  very  breadth 
of  the  observed  property  changes  in  metastable  materials  hints  at  the  diversity 
of  the  potential.  However,  the  attempt  must  be  made  at  this  point  so  that  the 
reader  can  gain  some  insight  into  the  future  worth  of  this  technology. 

The  speculations  listed  below  fall  into  three  categories:  (1)  new 

products  made  possible  by  the  methodology  being  developed  to  produce  metastable 
materials,  but  with  metastability  of  the  product  playing  no  role,  (2)  poly- 
crystalline metastable  products,  and  (3)  amorphous  products. 

Products  of  Methodology 

A great  deal  of  effort  has  been  spent  by  many  organizations  to  develop 
the  means  to  rapidly  quench  materials  in  production  quantities.  These  methods 
lend  themselves  to  the  production  of  wires,  filaments,  staple  fibers,  or  powders 
of  almost  any  metal,  and  of  many  nonmetals.  Thus,  it  is  now  possible  to 
manufacture  many  materials  in  forms  that  were  not  economic,  or  perhaps  not  even 
possible,  in  the  past.  Such  products  may  or  may  not  have  an  enhanced  value 
because  of  metastability.  For  example,  it  is  surprisingly  easy  to  cast  Hadfield 
steel  (14  percent  manganese  steel)  into  filamentary  form.  This  alloy  is 
extremely  difficult  to  draw,  and  is  therefore  expensive  in  wire  form.  Except 
as  welding  rod,  it  is  not  available  in  wire  form.  It  could  now  be  made  avail- 
able at  low  cost  should  a need  develop.  Some  additional  thoughts  are  presented 
below. 


• Control  of  shape  and  size  of  particles  can  permit  high 
green  strength  in  powder  compacts 

• Casting  of  filaments  with  channels  for  use  as  wicking 
in  heat  pipes 


f 


• Casting  of  percursor  fibers  for  subsequent  extrusion 
to  submicron-size  fibers 


I 
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• Casting  of  materials  normally  not  available  as  fiber 
(B,  Si,  Al^O^,  TiAl , etc.)  for  composites  or  chemical 
or  electrochemical  applications 

• Casting  of  fiber  mats  for  armor  or  vibration  absorption 

• Generation  of  airborne  radar-chaff 

• Casting  of  tungsten  carbide  or  other  abrasive  in  staple 
fiber  form  to  be  incorporated  with  Cu  or  Co  in  tool  bits 

• Casting  low-cost  staple  fiber  to  "rheocast"  or  "thixocast" 
into  composite  die  castings 

• Direct  casting  of  nonwoven  metal  screening 

• Use  of  submicron-size  Schladitz  fibers  in  conducting 
coatings  (lightning  suppression,  etc.) 

• Fibers  for  high-gradient  magnetic-field  separators. 


As  soon  as  one  introduces  some  form  of  metastability  (but  not 
amorphousness)  into  the  products,  the  potential  includes  most  of  the  preceding 
list  and  tal:es  on  some  products  of  a different  character.  The  following  list 
emphasizes  those  directions  or  applications  which  benefit  from  greater  homo- 
geneity, smaller  grain  size,  and/or  some  degree  of  supersaturation. 

• Whole  new  families  of  precipitation-hardening  alloys 
(Be  base,  for  example)  resulting  from  ability  to  super- 
saturate 

• Whole  new  families  of  materials  with  different  crystal 
structures  (3-stabilized  Be,  for  example) 

• Whole  new  families  of  solid-solution-strengthened 
alloys 

• Proalloyed  powders  of  all  compositions  leading  to  more 
efficient  powder-metallurgy  processing,  superior 
bearing  and  tool  steels,  superior  spray  coatings,  etc. 

• Whole  new  series  of  alloys  with  controlled  chemical 
and  electrochemical  applications  (catalysis,  batteries, 
fuel  cells) 
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• Whole  now  series  of  alloys  and  material  forms  (sheet, 
in  particular)  capable  of  superplastic  forming 

It 

• Tailormade  burning  rates  and  temperatures  for  flares, 
for  reinforcement  of  solid  rocket  fuels 

• Full  control  of  particle  size  and  grain  size  to 
minimize  problems  of  toxicity,  surface  contamination, 
pyrophoricity,  etc.,  in  powder 

• Superior  hydrogen  storage  alloys 

• Superior  x^etmanent  magnets. 


Amorphous  Products 


Once  the  materials  produced  become  amorphous,  the  potential  expands 
still  further,  incorporating  most  of  the  ideas  previously  listed,  and  including: 

• Superior  corrosion  resistance,  tailored  to  meet  a 
specific  environment 

• Very  high  permeability  ferromagnetic  materials  for 
use  in  transformers,  sv/itches,  power-supply  systems, 
inverter  circuits  - smaller,  lighter,  cheaper,  lower 
power  requirements 

• Abrasion-resistant  magnetic  recording  heads 

• Bubble  memory  system  for  computers  with  storage 
capacity  nearing  that  of  the  human  brain 

• Whole  series  of  radiation-resistant  switching  devices 
microelectronic  circuitry,  microoptical  circuitry 

• Vapor  deposition  of  p-n  junctions,  huge  integrated 
circuits 

• New  superconducting,  photovoltaic,  thermoelectric, 
magnetostrictive  devices. 

• Thermal  and  electrical  conducting  substrates  to 
supress  epitaxial  growth 

• Whole  new  families  of  composites 
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• New  classes  of  permanent  magnets 
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• New  families  of  catalytic  materials 

• Radiation-resistant  container  for  fusion  reactor 

• Prestressed  composites. 


It  is  important  to  recognize  that,  not  only  do  metastable  materials 
provide  almost  unlimited  opportunities  for  new  or  improved  products,  but  they 
do  so  in  what  appears  at  the  present  time  to  be  a more  efficient  way.  Specif- 
ically, the  methods  used  to  produce  metastable  materials  are  generally  energy 
conservati ve . Direct  casting  to  final  dimensions,  for  example,  eliminates  most 
of  the  energy  and  capital-intensive  steps  of  conventional  manufacture.  Meta- 
stable materials  usually  involve  less  material  waste  as  well.  A vapor-deposited 
p-n  junction  would  involve  only  a layer  some  tens  of  micro.ns  thick,  most  of 
which  would  be  functional.  Conventional  processing  of  a semiconducting  chip 
wastes  more  than  half  of  the  material  in  cutting  and  etching  alone,  while  the 
bulk  of  the  remainder  is  required  to  permit  handling  and  processing.  Finally, 
many  of  the  elements  used  in  metastable  materials  (Si,  S,  P,  etc.)  are  plentiful 
in  the  earth's  crust  and  readily  available.  Thus  the  driving  forces  of  economy, 
efficiency,  and  materials  and  energy  conservation  are  potent  motivations  in 
the  research  and  development  of  metastable  materials. 


METASTABLE  MATERIALS  AND  DOD  NEEDS 


In  looking  at  where  metastable  materials  can  contribute  to  DoD  needs 
it  is  easy  to  look  at  an  overall  technology  such  as  powder  metallurgy  and  to 
predict  that  the  introduction  of  the  concepts  of  metastability  into  this  art 
may  produce  components  with  better  fatigue  resistance,  less  material  cost,  less 
use  of  critical  materials,  better  control  of  part-to-part  uniformity,  better 
corrosion  resistance,  better  control  of  density,  high  strength  at  fractional 
densities,  exceptional  green  strengths,  superior  forging  and  sintering  prop- 
erties, and  on  and  on.  These  are,  in  fact,  not  really  predictions  at  all  since 
so  much  has  been  demonstrated  in  the  laboratory  already.  Such  developments  are 
clearly  of  interest  to  the  DoD.  ARPA  support  of  the  Pratt  & Whitney  process  for 
making  rapidly  quenched  superalloy  powders  attests  to  this.  It  is  also  clear 
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that  juich  devi-lopmentti  tuive  much  broader  applications  than  for  supcralloys 
alone,  and  could  have  a tremendous  beneficial  impact  on  the  civil  sector, 
which  is  all  to  the  qood. 

It  is  not  nearly  so  easy  to  look  at  a sisocific  laboratory  finding 
that  an  amorphvjus  alloy  has  a thermoelectric  coefficient  50  times  that  of  its 
crystalline  equivalent,  and  to  predict  that  we  will  have  a thermoelectric 
power  station  in  five  years.  The  finding  does,  however,  almost  demand  that 
we  take  another  look  at  thermoelectric  j^roperties,  for  we  now  have  a new 
method  by  which  we  can  radically  alter  such  properties.  The  same  is  true  for 
superconductivity,  for  ferromagnetic  and  other  magnetic  materials,  for  dielec- 
trics, photovoltaics , piezoelectrics,  magnetostrictive  materials,  semiconductors, 
and  a host  of  other  useful  or  curious  materials  and  material  properties. 

It  is  really  difficult  to  practice  restraint  in  predicting  the 
potential  applications  which  might  come  out  of  such  research.  The  fact  that 
amorphous  metals  are  a new  class  of  materials,  a new  frontier,  a new  metal- 
lurgy, cannot  be  overemphasized.  Yet  amorphous  materials  are  only  one  class 
of  mctastable  materials.  It  would  be  possible  to  make  every  one  of  the  pre- 
dictions mentioned  earlier  for  powder  metallurgy  without  once  considering  the 
true  amorphous  state.  It  must  be  emphasized  again  that  the  processes  and 
techniques  being  develojjed  to  exploit  the  truly  amorjjhous  state  are  the  very 
ones  which  can  and  do  excite  one's  imagination  in  the  consideration  of  the 
powder  technology. 

There  can  be  no  doubt  that  the  successful  exploitation  of  super- 
plasticity, of  new  classes  of  alloys,  of  new  capabilities  in  instrumentation, 
of  now  capabilities  in  energy  generation  or  storage,  etc.,  would  be  of  tremendous 
interest  and  value  to  DoD.  Nor  can  there  be  any  doubt  that  the  civil  sector 
would  reap  many  benefits  as  well.  One  can  therefore  predict  with  near  certainty 
that  DoD  needs  will  be  furthered  by  advancing  the  state-of-the-art  in  metastable 
materials.  The  fact  that  commercial  industry  has  much  to  gain  as  well  is  a 
substantial  plus.  The  Government  has  the  rare  opportunity  of  being  a partner 
with,  rather  than  being  only  a customer  of  (or,  as  some  might  say,  a competitor 
of)  private  industry  in  the  exploitation  of  the  enormous  potential  of  metastable 
materials . 
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recommi-:ndations  for  arpa  action 


There  is  no  way,  nor  is  there  any  reason,  for  the  Government  to 
assume  the  responsibility  for  the  total  development  and  exploitation  of  meta- 
stable  materials.  If  the  potential  that  so  many  of  us  predict  for  this  field 
is  actually  there,  then  American  industry  will  gradually  recognize  that  fact. 

VVe  are,  in  fact,  in  the  early  stages  of  this  recognition,  with  research  and 
development  efforts  of  significant  magnitude  under  way  in  such  organizations 
as  IBM,  Allied  Chemical  Corporation,  Bell  Laboratories,  and  General  Electric 
Laboratories . 

The  key  role  that  Government  can  play,  and  this  seems  tailormade  for 
ARPA,  is  to  take  positive  steps  to  encourage  every  segment  of  private  industry 
to  recognize  the  potential  inherent  in  metastable  materials,  and  to  "do  their 
own  thing".  At  the  same  time,  assuredly,  various  parts  of  the  DoD  would 
continue  to  support  research  and  development  aimed  at  their  own  specific  needs. 

ARPA's  role  then  contains  three  critical  elements.  These  are: 


(1)  Making  information  on  metastable  materials  readily 
available 

(2)  Identifying  and  encouraging  key  developments 

(3)  Removing  or  abating  unnecessary  road  blocks. 


Information 


The  first  of  these  tasks  is  relatively  easy.  It  could  be  accomplished 
by  the  establishment  of  an  information  center,  or  by  assigning  to  an  existing 
information  center,  the  task  of  the  assembly  and  distribution  of  the  world 
literature  on  metastable  materials. 

In  the  present  study,  more  than  1000  publications  relative  to  the  field 
were  identified.  Because  of  the  limited  time  available  for  the  literature  search, 
this  sample  is  known  to  bo  incomplete.  It  is  doubtful  that  the  sample  represents 
much  more  than  half  of  the  available  references.  Part  of  the  difficulty  lies  in 
the  tremendous  diversity  of  the  subjects  and  journals  involved,  and  in  the  lack 
of  universally  accepted  key  words  for  filing  and  cross-indexing.  Figure  7 
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illustrates  the  rapid  increase  in  publications,  esjjccially  foreign  publications, 
in  the  last  few  years.  If  the  data  arc  representative,  about  half  of  all  that 
has  been  published  has  appeared  in  the  last  three  years.  Much  of  this  infor- 
nuation  is  in  a foreign  language  (Russian,  Japanese,  French,  etc.)  and  in 
journals  not  available  outside  of  major  libraries.  As  a result,  many  researchers 
spend  a great  deal  of  time  finding  information,  missing  much  of  it,  depending 
upon  reviews  which  often  appear  several  years  later  to  catch  up  on  foreign 
developments . 

This  situation  could  be  greatly  alleviated  if  an  information  center 
could  provide  (probably  for  a price)  a cross-indexed  abstracted  bibliography 
of  past  research,  an  annual  abstracted  bibliography,  a monthly  or  quarterly 
report  on  recent  developments,  and  translations  of  selected  foreign  publications. 

Key  Developments 

This  is  a more  difficult  task  because  it  is  judgmental  in  character. 

The  goal  is  to  recognize  specific  research  problems  which,  if  solved,  could 
contribute  to  a broad  advance  in  the  technology  of  metastable  materials.  For 
example,  one  area  could  be  in  the  manufacturing  technology  for  rapidly  quenched 
metals.  A number  of  methods  were  outlined  previously.  Many  more  probably 
exist,  and  many  variants  and  improvements  to  the  existing  technology  can  be 
anticipated.  If  the  assessment  of  the  potential  of  metastable  materials  is 
correct,  the  need  for  the  most  efficient  manufacturing  technology  to  produce 
commercial  quantities  of  high-quality  material  will  not  be  long  in  coming.  This 
may  be  of  particular  importance  with  respect  to  amorphous  sheet,  the  development 
of  which  is  probably  critical  to  most  of  the  anticipated  ferromagnetic  appli- 
cations. A second  example  might  be  to  attempt  to  understand  the  phenomena  of 
nucleation  and  growth,  as  well  as  of  supercooling,  in  rapidly  quenched  materials. 
A better  understanding  of  these  phenomena  seems  sure  to  advance  the  state-of- 
the-art  of  metastable  materials  across  the  board.  Such  proposals  should  be 
solicited. 

Judgment  of  key  developments  will  have  to  be  made  by  exports  in  the 
field.  It  is  therefore  suggested  that  ARPA  establish  an  advisory  panel  witli 
responsibilities  directed  specifically  toward  metastablo  materials.  It  is 
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suggested  that  the  Metastablc  Materials  Advisory  Panel  (MMAP)  consist  of 
selected  members  of  the  research  conmmnity  witli  a long-term  commitment  to 
the  field  and  a record  of  accomplishment,  representatives  from  industries 
which  are  committed  to  the  development  of  tiie  field,  and  representatives  of 
various  Government  agencies  with  a commitment  to  the  field. 

Specific  recommendations  for  members  of  the  research  community  are: 

• Prof.  Pol  Duwez,  California  Institute  of  Technology 

• Prof.  Nicholas  Grant,  Massachusetts  Institute  of  Technology 

• Prof.  Bill  Giessen,  Northeastern  University 

• Prof.  David  Turnbull,  Harvard  University. 

Specific  recommendations  for  committed  industries  are: 

• Allied  Chemical  Corporation 

• IBM 

• Boll  Laboratories 

• General  Electric  Laboratories 

• United  Technologies,  Inc. 

Specific  recommendations  for  committed  Government  agencies  (other  than 

ARPA)  are: 

• ONR 

• ERDA 

• Materials  Laboratory,  VVPAFB. 

The  MMAP  should  probably  be  organized  by  one  of  the  university  people 
named  above,  under  contract,  so  that  his  organizational  duties  would  be  funded. 

It  would  also  be  appropriate  to  offer  a per  diem  or  a stipend  to  non- Government 
MMAP  members.  It  would  be  the  responsibility  of  the  chairman  to  select  the 
appropriate  members  of  MMAP,  to  organize  and  schedule  meetings,  and  to  edit  and 
report  the  findings  of  the  panel. 

The  primary  function  of  MMAP  would  be  to  advise  ARPA  on  topics  relative 
to  mctastable  materials.  These  topics  could  include: 

(1)  The  need  for  and  the  character  of  some  central 
information  source  as  suggested  above 
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(2)  Identification  of  key  areas  in  which  Govornmont 
agencies  should  solicit  proposals 

(3)  Assessment  of  technical  feasibility  of  selected 
research  proposals 

(4)  Early  identification  of  developments  of  specific 
importance  to  DoD 

(5)  Identification  of  and  recommended  approaches  to 
alleviate  specific  roadblocks  to  the  development 
of  the  potential  of  metastable  materials. 


It  is  important  that  members  of  MMAP  not  be  excluded  from  submitting 
proposals.  It  is  also  important  that  membership  in  MMAP  be  reasonably  open  to 
new  members  from  the  academic,  industrial,  or  Government  sectors. 


Roadblocks 


There  are  certain  areas  of  research  which  should  be  encouraged.  It 
is  not  now,  nor  is  it  expected  to  be,  difficult  for  industry  to  fund  research 
which  has  a high  probability  of  producing  a profitable  product.  However, 
where  markets  are  still  a bit  obscure  and  difficult  to  assess  quantitatively, 
or  when  it  is  difficult  to  assess  processing  costs  accurately,  development  is 
stifled.  Both  of  these  difficulties  are  part  and  parcel  of  the  developing  field 
of  metastable  materials.  While  everyone  agrees  that  the  potential  is  vast,  no 
one  is  sure  where  the  first  commercial  breakthrough  will  occur.  This  situation 
is  a real  and  serious  roadblock.  It  would  be  of  outstanding  value  for  the  DoD 
to  identify  new  processes  and  products  at  an  early  stage,  fund  or  partially 
fund  (perhaps  sharing  costs)  programs  to  take  these  processes  or  products  to  the 
stage  where  they  fall  within  the  limits  governing  commercial  risk-taking.  This 
could  involve  developments  taking  place  entirely  within  a commercial  organization 
(such  as  the  Pratt  & Whitney  powder  program) , or  by  a partnership  between  a 
university  or  a private  laboratory  and  a commercial  firm.  The  major  stumbling 
block  to  this  might  very  well  be  the  Government's  view  on  patent  rights.  The 
incentive  for  a private  commercial  organization  to  devote  its  discretionary  funds 
to  a high-risk  development  is  perceptibly  lessened  by  requirements  tliat  the 
Government  obtain  license- free  rights  to  processes  or  products  whicli  have  been 
developed  using  Government  funds.  This  is  a particularly  tliorny  issue,  involving 
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yood,  solid  arguments  on  both  sides.  If  a firm,  mutually  acceptable  comj;romise 
(between  the  Government  and  industry)  could  be  arrived  at,  the  negotiation  for 
development  contracts  as  envisaged  hero  would  be  greatly  simplified.  This 
would  provide  tremendous  leverage  to  Government  dollars  as  well.  NASA's  latest 
position  (see  Appendix  C)  is  a good  plact  to  start. 

To  be  more  specific,  a number  of  patented  processes  (as  well  as  some 
unpatented,  and  probably  unpatentable  duo  to  their  similarity  to  prior  art) 
exist  to  make  various  types  of  powder,  filament,  or  sheet  at  sufficiently  high 
rates  to  produce  metastable  materials.  In  some  cases,  if  tons  of  the  materials 
made  by  these  processes  were  available  for  sale,  they  would  not  be  sold,  for 
the  market  is  potential,  not  actual.  The  commercial  incentive  is  not  yet  great 
enough  to  attract  risk-capital,  but  the  need  for  the  availability  of  those 
products  for  experimentation  is  great.  Most  laboratories  are  not  anxious  to 
invest  their  funds  to  develop  a new  process  to  provide  other  laboratories  with 
experimental  samples.  Nor,  in  the  event  that  they  own  patent  rights  on  a process 
or  product,  are  they  willing  to  give  up  (hoped  for)  future  profits  in  return  for 
present  Government  funds  to  assist  in  speeding  up  the  development.  Unpatentable 
processes  rarely  get  developed  in  commercial  business  unless  they  are  kept  very 
quiet  (to  obtain  a proprietary  edge) . Most  businesses  want  a patentable  or  a 
patented  process  to  minimize  the  effect  of  possible  competition,  or  to  profit 
by  licensing.  Business  will  accept  an  unpatented  or  unpatentable  process  or 
product  only  if  the  risk  is  very  low  and  the  profit  potential  very  clear. 

This  particular  roadblock  could  be  at  least  partially  broken  by 
DoD  support  of  new  processing  techniques  to  the  point  where  reasonable  quantities 
of  materials  could  be  provided  to  other  investigators  at  other  laboratories . It 
is  now  possible  to  purchase  sample  quantities  of  some  amorphous  metals  from 
Allied  Chemical  Corp.  in  the  form  of  ribbons  or  filaments,  virtually  all  of 
the  material  being  used  for  researcii  on  other  than  tlie  Allied  products  is  made 
by  the  investigator  himself  on  his  own  apparatus.  This  greatly  increases  tlie 
cost  of  the  product  to  the  investigator,  and  frequently  )ias  little  value  to  him 
in  terms  of  the  properties  in  which  he  is  interested.  The  nuclear  physicist 
interested  in  radiation  effects  on  an  amorphous  alloy  (other  tlian  the  several 
commercially  available)  is  faced  with  a long  lead  time  in  learning  t)ie  lore 
of  rapid  quenching  before  ho  can  perform  his  first  experiment. 
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It  would  serve  a very  useful  purpose  if  DoD  nucleated  a program 
either  in-house  in  a Government  laboratory,  or  in  university  or  private 
laboratories,  to  not  only  develop  some  of  the  promising  processes,  but  to 
provide  experimental  quantities  of  materials  at  nominal  or  no  cost  to  other 
qualified  investigators.  The  leverage  provided  by  this  mechanism  has  been 
amply  verified  in  the  past.  Consider,  for  example,  the  tremendous  aniount  of 
work  using  Allied's  materials.  For  many  investigators  there  are  no  other 
materials  available. 

This  kind  of  support  is  almost  vital  to  the  development  of  a funda- 
mental understanding  of  the  phenomena  observed  in  metastable  alloys.  Funda- 
mental studies,  other  than  the  purely  theoretical,  require  sample  materials. 
Further,  a fundamental  understanding  of  the  phenomena  observed  is  almost  vital 
to  the  commercial  exploitation  or  to  the  invention,  development,  and  technical 
application  of  new  products  and  devices. 

The  whole  area  of  roadblocks  should  be  reviewed  by  MMAP  with  the 
aim  of  formulating  specific  suggestions  for  their  alleviation. 


CONCLUSION 

It  is  the  unqualified  judgment  of  many  scientists  of  international 
stature  that  the  field  of  metastable  materials  is  one  of  the  most  promising 
and  one  of  the  most  challenging  ever  to  confront  the  materials  scientist.  If 
the  assessment  is  correct,  the  anticipated  developments  will  have  profound 
and  beneficial  effects  on  both  DoD  and  civilian  industry.  The  objective  of 
accelerating  the  exploitation  of  the  field  by  encouraging  information  exchange, 
by  identifying  and  supporting  research  in  key  areas,  and  by  diminishing  the 
effects  of  roadblocks,  is  one  which  ARPA  could  accept  and  accomplish  by 
encouraging  and  coordinating  the  efforts  of  the  academic,  industrial,  and 
Government  sectors. 

As  a first  stop  in  encouraging  information  exchange,  it  is  recom- 
mended that  this  report  bo  distributed  to  each  of  the  individuals  listed  in 
Appendix  A,  with  a request  for  a critical  review  of  its  contents. 
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